Standing [111]-oriented crystalline gold nanotube (AuNT) and nanorod (AuNR) arrays using electrochemical deposition through template growth are reported. Segments of single crystal and bamboo-like crystalline AuNR arrays with growing direction of [111], having a diameter of 100-150 nm and a length of 10 µm, standing perpendicular to Ti metal foil substrates, are synthesized. The as-synthesized AuNTs and AuNRs are characterized by powder and five circle x-ray diffractometry, UV-visible molecular absorption spectrometry, field emission scanning electron microscopy, and transmission electron microscopy. AuNRs and AuNTs are formed by starting with a tube and the wall of the tube gets progressively thicker and eventually sealed up to form nanorods. Optical absorption at 548 and 578 nm wavelength for gold nanotubes and nanorods, respectively, caused by the transverse (width) mode is identified.
Introduction
One-dimensional (1D) metallic nanorods have attracted considerable attention in recent years because of their novel physical properties and potential applications as interconnects in nanometre-scale electronics [1, 2] . The progress in this field has been accelerated by advances in both synthetic methods of preparing the nanoporous templates [2, 3] , and development of techniques capable of filling the pores of such membranes [2] [3] [4] [5] [6] [7] . Examples of long aspect ratio nanoporous membranes include nanochannel glass membranes, anodized aluminium substrates, and various polymeric membranes. Filling of the pores of such membranes with long aspect ratio nanorods has been accomplished by electro-deposition [2] [3] [4] [5] [6] [7] , high-pressure metal melt injection [8] , and photochemical methods [9] . Metal nanorods (such as Au, Ag, Cu, Ni, Co, etc) with single crystal and polycrystalline structures have been synthesized using the template synthetic method [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . For most reports, random and polycrystalline gold nanorods were present. However, Tian [10, 11] successfully prepared single crystal and polycrystalline metal nanorods (average diameter of 40 nm and a length of 3-5 µm) using 10 nm 3 Author to whom any correspondence should be addressed. polycarbonate membrane and the help of gelatin additives. 2D growth was proposed for single crystal gold nanorods and 3D growth for polycrystals [10] . However, for potential and specific applications, standing Au nanorod or nanotube arrays with diameter around 100 nm and length longer than 10 µm might be required. In the present study, crystalline gold nanotubes and nanorods standing and oriented along [111] by electrochemical deposition without gelatin additives is presented. Based on the growth of Au nanotubes and nanorods, the formation mechanism from nanotubes and gradually into nanorods is proposed.
Experimental details
1 wt% gold (III) solutions for the electrochemical deposition were prepared by dissolving 1 g gold foils into 10 ml aqua regia solution which was subsequently diluted to 100 ml using de-ionized water. Gentle heating up to 90
• C is required for a rapid and complete dissolution of the gold foils within 30 min. No other organic additives were added. Gold concentrations of 0.05, 0.1, 0.15, and 0.2 wt% were prepared. Gold nanorod arrays were grown inside polycarbonate (PC) templates according to the electrochemical deposition method reported in the literature [4, 10] . The templates used were radiation track-etched hydrophilic polycarbonate (PC) membrane (Millipore, Bedford, MA) with pore diameters of 50 and 100 nm and thickness of 10 µm. To ensure a good electric contact, the back of the membrane template was firstly sputtercoated with Au before being attached to the working electrode. An aluminium sheet of 9 mm diameter was used as the working electrode and placed beneath the template, and a Pt mesh was used as a counter-electrode. The distance between the two electrodes was kept at 30 mm. A detailed description of the deposition set-up is shown in figure 1 , which was constructed using a syringe. The applied voltage was 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, or 5.0 V, and the deposition lasted 0.5-5 h. Upon the completion of deposition, the samples were dried at 90
• C for 12 h in air. Dried samples were subsequently attached onto a piece of titanium plate using silver paste. After drying in an oven at 90
• C overnight, the samples with titanium plate were then immersed in methylene chloride for 30 min to dissolve the PC membrane.
A wide angle powder x-ray diffractometer (WAXRD) and a five circle thin film XRD diffractometer were employed to characterize the crystal structure and crystal orientation of gold nanorods. The WAXRD was performed on a Rigaku D/MAX-3C powder x-ray diffractometer with a Cu target and Ni filter at a scanning rate of 0.1
• /1.5 s from 2θ = 20
• to 100
• . The five circle thin film XRD was carried out using a Rigaku RU-H3R generator together with a Huber diffractometer. The five circle definition is shown in figure 2 . Diffraction intensities are collected for three angles, i.e. specimen spin angle (φ), rocking angle (ω, i.e. θ at fixed 2θ ) and conventional diffracted angle (θ -2θ moves). Two theta is step scanned from 36.1
• to 40.1 incident x-ray stays in the plane of membrane (ψ = 90
• ) and the detector maintains its position in the plane of the membrane at δ = 38.1
• . The Au nanorods/Au nanotubes (AuNRs/AuNTs) were attached on a piece of glass by tapes and subjected to powder WAXRD experiments without dissolving away the PC membranes (i.e. AuNRs/AuNTs were imbedded in the PC membrane and standing vertically to the glass substrate). XRD experiments were also performed on free-standing AuNRs and aligned AuNRs on Ti metal substrates after dissolving away the PC membranes. A field emission scanning electron microscope (FESEM, JEOL 4100 and Philips JSM 7400) was used to characterize the morphology of nanorod/nanotube arrays. Transmission electron microscopy (TEM) images and electron diffraction patterns were recorded using JEOL 2010 microscopes at accelerating voltage of 200 kV. The gold nanorods or nanotubes were dispersed in 5 ml de-ionized water and collected in a quartz cuvette for the UV-visible test. The absorption spectra were recorded using a Shimadzu UV-1700 ultraviolet-visible photodiode array spectrophotometer.
Results and discussion
Figures 3(a)-(c) shows that standing gold nanorods were successfully synthesized on a piece of titanium metal foil using 100 nm membrane templates. Standing gold nanorods were glued on the titanium metal foil by silver paste. These gold nanorods were 100-150 nm in diameter and 10 µm in length. The diameter of each wire was found to be narrower on both ends of the wire. This is caused by the porous membranes used. It appears that the nominal pore diameters quoted by the manufacturer are the values of the pore opening near the surface for filtration purposes. Well aligned gold nanorods standing on the titanium substrate viewed from the top are demonstrated in figure 3(b) . These gold nanorods are solid as a close view shows in figure 3(c) . However, when the concentration of the gold solution is lower than 0.1 wt% and the deposition voltage is at 1 V, gold nanotubes result, as shown in figure 3(d) . The deposition duration for nanotubes is around 2-4 h. Deposition time shorter than 2 h results in incomplete nanotubes. For duration longer than 5 h, nanorods will dominate. These aligned nanotubes or nanorods are • -38.6
• , as shown in figure 4(c) . I.e., the AuNRs are tilted and fulfil the Bragg's law from 2θ = 37.4
• to 38.6
• . To further clarify the orientation [111] of AuNRs to the normal direction of substrate, ω and φ scans are performed. The ω rocking from 0 to +10
• with 2θ fixed at 38.1
• shows a broad and gradually declined intensity (not shown), indicating significant tilt of AuNRs from the vertical direction for more than 20
• . This is attributed to the nature of the membrane used, where more than 10 8 pore channels per cm 2 can hardly be perfectly parallel. For the φ scan, the substrate spins and the c axis keeps stationary and perpendicular to the incident x-ray (ψ = 90 figure 5(c) . This is consistent with the observation of Tian [10, 11] that the gold nanorods are actually in a bamboo-like structure when a medium voltage is used. The length of the single-crystalline segment increases when the potential is further reduced to 1 V. Figures 6(a) and (b) show the incomplete nanotubes obtained at 0.05 wt%, 1 V for 2 h and 0.1 wt%, 1 V for 1 h, respectively. This evidence suggests that at low concentration Au atoms reduce and deposit on the wall of the pore channel and gradually form nanotubes. A summary of the formation map deposition Tian [10] proposed a 3D nucleation-coalescence growth mechanism for polycrystalline nanorods at high voltages, and a 2D nucleation and growing process for single crystals at low voltages. This reasonable growing mechanism is based on their 10 nm pore size template membranes. However, growing nanorods using 100 nm pore size membranes is slightly different from Tian's mechanism. In our study, nanotubes form first and progressively get thicker into nanorods in the 100 nm pore channels. Concentration of Au(III) solution, deposition voltage, and deposition duration are important factors in growing solid gold nanorods, since at low concentration nanotubes are always observed (figures 3(d) and 6(a), (b)), and at high concentration solid nanorods usually result. A growing mechanism proposed in figure 8 is thought to be responsible for the formation of nanotubes and subsequently solid nanorods. The wall of the pore channel in the PC membrane will be coated by gold initially due to heterogeneously faster depositing rate and finally grow into nanotubes. However, at long deposition duration (>5 h for 0.1 wt% Au solution), solid nanorods will be eventually formed by the lateral direction on the (111) plane toward the centre of the pore channel, i.e. starting with a tube, the wall of the tube gets progressively thicker and eventually sealed up to form nanorods. At concentration greater than 0.1 wt%, solid nanorods probably grow more homogeneously on the densest plane (111) and along the direction of [111] according the 2D mechanism proposed by Tian [10] . Figure 9 shows the UV-visible absorption spectra for gold nanorods and nanotubes. It is clear that 50 and 100 nm gold nanorods exhibit absorption peaks at 545 and 578 nm, respectively. The 100 nm nanotubes have an absorption peak at 548 nm. The wall thickness of nanotubes is estimated to be 30 nm. Lower absorption peaks closer to the characteristic peak of gold nanoparticles (520 nm) seem to account for AuNRs and AuNTs with thinner diameter/thickness. Gold nanorods exhibit two absorption modes, which are the longitudinal mode and transverse mode [23] [24] [25] [26] [27] . The transverse (width) mode of the nanorods can be identified to be the absorption near 520 nm, which is essential in characterizing the optical properties of gold nanoparticles. For aspect ratio of gold nanorods over 3.0, another absorption maximum at 710 nm, which would also shift to near-IR regions at higher aspect ratios, corresponding to the absorption from the longitudinal mode, should be observed [23] [24] [25] [26] [27] [28] [29] . However, in our case, the longitudinal direction of the nanorods is 10 µm and the aspect ratio of AuNR/AuNT is high (50-100). No absorption peaks in UV-vis were observed. However, the longitudinal plasmon modes of the nanorods will contribute to the scattering response beyond the wavelength longer than ∼2000 nm based on the studies of nanorods with aspect ratios on the order of 20 [28, 29] . Hence the lack of absorption peak of the longitudinal mode is due to the limitation of the detection wavelength of the spectrometer we used.
Conclusion
Standing [111] crystalline gold nanorod and nanotube arrays synthesized using template growth and the electrochemical deposition method without organic additives has been presented. Unidirectional segments of single crystals and bamboo-like crystalline AuNRs, having diameter of 100-150 nm and a length of about 10 µm, are obtained. Absorptions in UV-visible spectra from transverse mode at wavelength 545 and 578 nm for 50 and 100 nm nanorods are observed, respectively. A growing mechanism complementary to the literature is suggested. Using a membrane with 100 nm pore size, gold nanotubes are initially formed from the bottom and the wall of the pore channels. Preferred growing on the pore walls at low gold concentrations and low voltages is proposed to be responsible for the formation of nanotubes which are progressively thicker and sealed up into nanorods at longer duration.
